M
ultiple sclerosis (MS) and its animal model, originally called experimental allergic encephalomyelitis, a name later changed to experimental autoimmune encephalomyelitis (EAE; refs. [1] [2] [3] , are generally regarded to be mediated by T helper 1 (Th1) T cells (4, 5) . We have recently shown that the boundary between allergy and autoimmunity can be blurred: It is possible to induce ''horror autotoxicus'' with anaphylaxis against certain self antigens, exemplified by myelin peptides (3) . Further, Th2 T cells are capable of inducing EAE with features that include eosinophilic inflammation, sometimes also present in MS (6, 7) . In addition, it is known that mast cells and other elements that can participate in allergic responses are present in MS lesions (8) (9) (10) (11) , whereas platelet activating factor and mast cell tryptase are elevated in the spinal fluid during MS relapses (12, 13) .
We recently performed large scale sequencing of Ͼ11,000 transcripts from libraries derived from MS lesions, as well as gene microarray analyses of transcripts from MS lesions. We reported in these two papers (Table 1) increased levels of prostaglandin D synthase (PGDS), histamine receptor 1 (H1R), platelet activating factor receptor (PAFR), Ig Fc receptor 1 (FcRI), and tryptase III in MS lesions (14, 15) . Moreover, we and others have shown that it is possible to ameliorate EAE with drugs that are termed ''antihistamines,'' but that block serotonin receptors and muscarinic cholinergic receptors, as well as histamine receptors (3, 16, 17) .
We report here strong evidence for roles for H1R, PAFR, and Ig Fc receptors in autoimmune demyelination. Specific pharmacological targeting of H1R and the PAFR, receptors for the main mediators of murine anaphylaxis, resulted in amelioration of EAE. Mice with deletions of the Ig Fc ␥ receptor III (Fc␥RIII), and of both this receptor and FcRI, develop attenuated EAE. H1R is elevated on Th1 T cell lines (TCL) causing EAE. Responses to self that include many elements of classical ''allergic'' responses thus seem to play a pathogenic role in EAE, and these elements therefore represent a previously uncharacterized collection of potential targets for treatment of MS.
Materials and Methods
Fc␥RIII and FcR ␥ Chain-Knockout Mice. The production of mice with targeted mutations that result in failure of production of the ␣ chain of the Fc␥RIII (Fc␥RIII Ϫ/Ϫ mice; ref. 18) or the FcR ␥ chain (FcR ␥ chain Ϫ͞Ϫ mice; ref. 19) , and many of the phenotypic characteristics of these mice, have been described in detail. For these studies, we used 8-to 12-wk-old female Fc␥RIII Ϫ/Ϫ mice that were backcrossed for six generations with C57BL͞6 mice, and used C57BL͞6 mice as Fc␥RIII ϩ/ϩ mice. Female FcR ␥ chain Ϫ͞Ϫ and ϩ͞ϩ mice were generated by breeding the F 2 offspring of crosses between chimeras and C57BL͞6 mice (15, 19, 20) . All these mice were purchased from The Jackson Laboratory.
Immunization Protocol. EAE was induced with myelin proteolipid protein (PLP) 139-151 in 8-to 12-wk-old SJL mice (The Jackson Laboratory) as described (3). Mice were assessed daily for clinical signs of EAE (3). For each mouse, a remission was defined as decrease of the score of at least one point for at least 2 consecutive days. For RNA extraction and transcription analysis, animals were killed at different time points during the course of EAE, and brains and spinal cords were removed and kept frozen at Ϫ80°C until use. In the pharmacological studies, the H1R antagonist pyrilamine (Sigma) and the PAF antagonist CV6209 (Biomol, Plymouth Meeting, PA) were injected daily i.p. in PBS starting 2 days after the induction of EAE. In Fc␥RIII Ϫ/Ϫ and Fc␥RIII ϩ/ϩ , and in FcR ␥ chain Ϫ͞Ϫ and ϩ͞ϩ mice, EAE was induced with myelin oligodendrocyte glycoprotein (MOG) 35-55 as described (15) . For each mouse with EAE, a complete remission was defined as absence of disease for at least 2 consecutive days. Blood was collected from the tail 6 wk after the immunization and analyzed for antibody responses. Mice were Abbreviations: MS, multiple sclerosis; EAE, experimental autoimmune encephalomyelitis; Th1, T helper 1; PGDS, prostaglandin D synthase; H1R, histamine receptor type 1; PAFR, platelet activating factor receptor; FcRI, Fc receptor I; FC␥RIII, Fc ␥ receptor III; MOG, myelin oligodendrocyte glycoprotein; PLP, myelin proteolipid protein; TCL, T cell line; MMCP, mouse mast cell protease. ‡ R.P. and J.J.D. contributed equally as first authors to this work. ¶ To whom correspondence should be addressed. E-mail: steinman@stanford.edu. Quantitative PCR. Expression levels of target genes were analyzed by quantitative PCR using a Lightcycler (Roche). Primer sequences are shown in Table 2 . Primers for multiexon genes were designed to span introns and be RNA specific [mouse mast cell protease 7 (MMCP-7), PGDS, and actin]. To ensure RNA specificity, the primers were optimized on template from reverse transcriptase reactions with or without reverse transcriptase enzyme (data not shown). The primers were used as follows: 1 l cDNA from the Superscript II reaction was mixed with a final concentration of 1ϫ Quantitect SYBR green reagent (Qiagen, Valencia, CA), 1 M forward primer, 1 M reverse primer, and diethyl pyrocarbonate-treated water in a total volume of 20 l. The PCR conditions for H1R, H2R, PGDS, MMCP-7, and PAFR were as follows: activation at 95°C for 15 s followed by 60 cycles of 94°C for 15 s, 54°C for 20 s, and 72°C for 19 s. A melting curve of the PCR product was obtained by heating at 65°C for 15 s, then increasing to 95°C at a rate of 0.1°C͞s while recording SYBR green fluorescence. The PCR conditions for actin differed in that the annealing temperature was 55°C and the extension time was 12 s. Quantification was performed by using the relative standard curve method (22) .
Measurement of Serum Ig Responses.
Peptide-specific IgG1 and IgG2a antibodies were measured in mouse serum samples by ELISA as described (23) . Briefly, for IgG1 and IgG2a ELISA, 96-well microtiter plates (Nunc MaxiSorp) were coated overnight at 4°C with 0.1 ml of MOG 35-55 diluted in 0.1 M NaHCO 3 buffer (pH 9.5) at a concentration of 0.010 mg͞ml. The plates were blocked with PBS͞3% BSA for 2 h. Samples were diluted in blocking buffer at 1:100 for IgG1 and IgG2a ELISA and incubated for 2 h at room temperature. Antibody binding was tested by the addition of alkaline phosphatase-conjugated monoclonal goat antimouse IgG1 and IgG2a (Southern Biotechnology Associates), each at 1:1000 dilution in blocking buffer. Enzyme substrate was added, and plates were read at 405 nm on a micro plate reader. Total IgE was measured by sandwich ELISA (PharMingen) following the manufacturer's instructions (24) . 
Pathological Studies. For histological evaluation of EAE in the different knockout mice, three to seven animals per group were killed 6 wk after the induction of EAE, and brain and spinal cord were removed and fixed in 10% formalin. Four-micrometer to 6-m sections were prepared from paraffin-embedded tissues and analyzed as described (14) for inflammatory lesions after hematoxylin and eosin staining by an observer (R.A.S.) unaware of the identity of individual sections. For histamine receptor detection in EAE brains, immunohistochemistry was performed as described with rabbit polyclonal antibodies (Rockland, Gilbertsville, PA) generated against the extracellular domain (amino-terminal) peptides of H1R (SSASEDKMCEGN) and H2R (SCCLDSIALKVT). After mice were killed and perfused with cold PBS, tissues were embedded in OCT and quick-frozen. Four-micrometer to 6-m cryostat sections were fixed with acetone. Staining with anti-H1R and -H2R antibodies at a 1:500 dilution was performed as described (14) by using avidin-biotin immunoperoxidase reagents (Vector Laboratories). Sections were counterstained with hematoxylin.
Results
Transcriptional Profiles of Allergy-Related Genes in the Central Nervous System of Mice with EAE. To assess whether we could use the animal model of MS, EAE, to understand the pathobiology of the proteins encoded by allergy related genes whose transcripts were elevated in the human MS samples as previously reported, we first analyzed the transcription profiles of these genes in brain and spinal cord of mice with EAE. A relapsing-remitting model of EAE was induced in SJL mice (H-2s) with PLP 139-151 in complete Freund's adjuvant (CFA), and animals were scored daily for clinical signs of disease (3). Brain and spinal cord were removed during the acute phase, remissions, or relapses of EAE, and RNA was extracted and analyzed by real time quantitative PCR (25, 26) . MMCP-7, PAFR, and lipocalin-type PGDS were all detected and quantified in these tissues.
PAF plays a major role in murine anaphylaxis, where, depending on the conditions of immunization and antigen challenge, the role of the IgG1-Fc␥RIII-macrophage-PAF axis can be more important than that of the IgE-FcRI-mast cellhistamine axis (21, 27, 28) . (''Axis'' here implies a ''pathway'' involving the named participants.) PAF may also contribute to anaphylaxis in man (27) . Moreover, PAF may have a role in MS. In the cerebrospinal fluid and plasma of patients with the relapsing-remitting form of MS, PAF is elevated, and its level correlates with the number of gadolinium MRI-enhancing lesions in the brain (12) . Quantitative PCR studies showed that PAFR transcripts were elevated 3-and 6-fold in brain and spinal cord, respectively, in the acute phase of EAE compared with naive mice (P ϭ 0.00006 in brain and P ϭ 0.03 in spinal cord by ANOVA for acute vs. naive), and remained elevated throughout the course of the disease (Fig. 1 a and b) . Interestingly, transcripts for PAFR decreased in spinal cord during the remission phase of the disease and increased during the relapsing phase (3-fold in the first relapse, P ϭ 0.005 by ANOVA; 3-fold in the second relapse, P ϭ 0.0001 by ANOVA), suggesting a role for PAFR in the pathogenesis of a relapse.
Prostaglandin D2 (PGD2) is a major lipid mediator released from mast cells in the acute phase of allergic reactions and seems to be involved in the regulation of allergic inflammation (29, 30) . In the brain, PGD2 is also involved in sleep induction (31) . In a murine asthma model, mice transgenic for lipocalin-type PGDS overproduce PGD2, resulting in increased levels of Th2 cytokines and enhanced accumulation of eosinophils and lymphocytes in the lung (29) . PGD2 is also preferentially produced by hematopoietic-PGDS in antigen-stimulated human Th2 cells but not Th1 cells (32) . Although the expression pattern of L-PGDS does not change in brain tissue from EAE animals, where there 
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A and C, ϫ240; B and D, ϫ320. is already a high background level due to its pleiotropic functions in brain (Fig. 1c) , a significant up-regulation occurs in the spinal cord during the relapse phase ( Fig. 1d; 3 .6-fold increase in the first relapse compared with naive, P ϭ 0.013 by ANOVA). Accordingly, PGDS may have a role in initiating the relapsing phase of disease.
MMCP-7 is a mouse homologue of human tryptase III (32), which was found to be up-regulated in acute MS plaques (15) . Tryptase has also been shown to be elevated in cerebrospinal fluid of patients with MS (13) . MMCP-7 is predominantly expressed by mast cells (33, 34) . In V3 mice with mastocytosis, after sensitization with IgE and subsequent challenge with antigen, MMCP-7 may contribute to anaphylaxis (35) . MMCP-7 is significantly up-regulated in brain (8-fold) and spinal cord (3-fold) in the acute phase of EAE (P ϭ 0.009 and P ϭ 0.008 by ANOVA for acute vs. naive in brain and spinal cord, respectively; Fig. 1 e and f ) . Relapsing animals also showed increased expression of MMCP-7 in the spinal cord (13-fold during the first relapse and 16-fold during the second one; P ϭ 0.08 and P ϭ 0.045 by ANOVA for the first and second relapse, respectively, vs. naive). At least one in vivo substrate of MMCP-7 is believed to be fibrinogen (36) . Perivascular fibrinogen͞fibrin deposits are found in EAE and inflammatory MS lesions (37, 38) . Interestingly, dermatan sulfate and batroxobin, which degrade fibrinogen and suppress fibrin deposition, respectively, were shown to ameliorate EAE (39, 40) .
Expression of H1R and H2R on Myelin-Specific T Cells. We explored the expression of some of the genes related to allergy in murine Th1 and Th2 TCL activated against PLP 139-151 (21) . Compared with Th2 cells, encephalitogenic Th1 cells showed increased levels of transcripts for H1R (16-fold increase in Th1 vs. Th2; P ϭ 0.009 by ANOVA), whereas Th2 cells showed increased transcripts of H2R (3-fold increase in Th2 vs. Th1; P ϭ 0.004 by ANOVA; Fig. 1b) .
Immunohistochemical Detection. We analyzed the expression of H1R and H2R during EAE by immunohistochemistry, using two polyclonal antibodies generated in rabbits against the extracellular domain of these receptors (see Materials and Methods). In naive SJL mouse brain, H1R and H2R are expressed, as previously described (41) (42) (43) (44) (45) , on rare astrocytes and on epithelial cells of the choroid plexus, whereas H2R was preferentially expressed on the endothelial cells of the blood vessels. In brains obtained from mice with EAE, H1R and H2R are expressed on the surface of mononuclear and other cells in the lesions (Fig. 2) , indicating specific expression of these receptors in the inflammatory EAE infiltrates. (3) . To explore the contribution of the Fc receptors to the development of anaphylaxis, we also challenged these two different strains of knockout mice with 0.1 mg of MOG 35-55 i.p., 6 wk after primary immunization, at a time when anaphylactic reactions to this peptide are known to occur (3) .
EAE in Fc␥RIII
EAE was significantly ameliorated in mice lacking the low affinity IgG1 receptor Fc␥RIII (Fig. 3 ). For example, the incidence of EAE (9 of (Table 3) . Because Fc␥RIII receptor is necessary for the expression of IgG1-mediated anaphylaxis (20) , the presence of anaphylactic shock in mice lacking this receptor suggests that both IgG1 and IgE might mediate anaphylaxis to MOG 35-55. Nevertheless, together with an impairment of other immune processes (18) , the abrogation of IgG1-mediated anaphylaxis is correlated with relative resistance to EAE in Fc␥RIII mice.
As previously shown by us and others (15, 46) , amelioration of EAE was even more striking in mice lacking both Fc␥RIII and FcRI (FcR ␥ chain Ϫ͞Ϫ; Table 4 ). In these mice, incidence of EAE (5 of 11 in FcR ␥ chain Ϫ͞Ϫ vs. 12 of 12 in ϩ͞ϩ; P ϭ 0.0046 by Fisher's exact test), mean disease severity at day 16 (0.64 Ϯ 0.39 in FcR ␥ chain Ϫ͞Ϫ vs. 2.42 Ϯ 0.4 in ϩ͞ϩ; P ϭ 0.005 by Mann-Whitney rank sum test) and mean peak of disease severity (1.18 Ϯ 0.49 in FcR ␥ chain Ϫ͞Ϫ vs. 3.58 Ϯ 0.36 in ϩ͞ϩ, P ϭ 0.0017 by Mann-Whitney rank sum test) were significantly reduced. All mice with deletion of these receptors had a remitting course (5 of 5 in FcR ␥ chain Ϫ͞Ϫ vs. 6 of 12 in ϩ͞ϩ). Only two mice with deletion of both Fc␥RIII and FcRI had one relapse, each, during the observation period of 6 wk compared with the wild-type mice where, of the mice surviving the acute phase (10 of 12), all had relapses. Histopathologic analysis revealed a paucity of CNS infiltrates in knockout mice compared with wild-type mice (1.57 Ϯ 1.2 vs. 45 Ϯ 13.6 in the meninges of FcR ␥ chain Ϫ͞Ϫ vs. ϩ͞ϩ, P ϭ 0.0167 by Mann-Whitney rank sum test; 0.29 Ϯ 0.3 vs. 46.3 Ϯ 22.8 in the parenchyma of FcR ␥ chain Ϫ͞Ϫ vs. ϩ͞ϩ, P ϭ 0.0167 by Mann-Whitney rank sum test). Moreover, FcR ␥ chain Ϫ͞Ϫ mice were completely protected against anaphylactic shock to MOG 35-55 (Table 3) , whereas 56% (5 of 9) of wild-type mice had anaphylactic reactions.
Modulation of EAE with H1R Blockade and PAFR Blockade. We then tested the functional roles of H1R and PAF in EAE. We targeted pharmacologically PAF and histamine, the main vasoactive mediators of murine anaphylaxis, and evaluated the development of EAE. EAE was induced in SJL (H-2s) mice with PLP 139-151, and, on the second day after the induction of the disease, we started a daily i.p. treatment with the PAFR antagonist CV 6209, or with the pure H1R antagonist pyrilamine. CV 6209 has been previously used to block anaphylaxis in mice (27, 47) , whereas cyproheptadine, an anti-H1R, anti-5-HT2 and anti-muscarinic receptor, has been shown by us and others to ameliorate EAE (3, 16, 17) . Treatment with either of these drugs ameliorated EAE (on day 13, mean EAE score was 0.57 Ϯ 0.2 in the pyrilamine-treated group, 0.71 Ϯ 0.36 in the CV 6209-treated group, and 3 Ϯ 0.52 in the vehicle-treated group; P ϭ 0.007 and P ϭ 0.0034 by t test for pyrilamine and CV 6209, respectively, vs. vehicle; Fig. 4) , suggesting a role for H1R and PAFR in the development of EAE.
Discussion
A number of molecules that can play important roles in allergic responses were shown to participate in EAE, a model for Th1-mediated autoimmunity (4). Thus, by large scale transcriptional analysis, we showed increased transcription of H1R, PAFR, tryptase, FcRI, and PGDS in MS lesions (14, 15) . In the animal model of MS, EAE, transcripts for tryptase, PAFR, and PGDS were elevated in the CNS during the disease. Moreover, H1R was elevated on Th1 cells reactive to myelin, and immunohistochemical staining of EAE brain revealed H1R and H2R expression on inflammatory cells of the infiltrates. EAE was ameliorated in mice with disruptions of the ␣ chain of Fc␥RIII (Fc␥RIII Ϫ/Ϫ ) or of the ␥ chain common to Fc␥RIII and FcRI (FcR ␥ chain Ϫ͞Ϫ), which have a partial or a complete abrogation of anaphylactic responses. Last, pharmacological blockade of histamine and PAF, the main mediators of murine anaphylaxis, with H1R antagonists and PAFR antagonists significantly blunted EAE. We conclude that, even if Th1 lymphocytes represent major contributors to the pathogenesis of EAE and MS, molecules involved in the allergic response can potently modulate the disease.
Since Rivers' description of experimental allergic encephalomyelitis 70 years ago (48), our concepts of allergy and autoimmunity have been highly dichotomous. However, this distinction has been increasingly blurred as drugs commonly used for the treatment of allergic diseases have been shown to ameliorate EAE (3, 16, 17, 49) . Moreover, expression of EAE can be reduced in mast cell deficient mice (50) . In addition, allergy to self peptides has been described, and apparently depends on whether or not a self antigen is expressed in the thymus (3) . An association between sensitivity to histamine and susceptibility to EAE has also been described (51) (52) (53) . Bordetella pertussis toxin (PTX), which increases vasoactive amine sensitization (VAAS), is needed as an adjuvant to induce EAE in those strains of mice that are not physiologically very sensitive to histamine (51, (53) (54) (55) . Bordetella pertussis histamine sensitization (Bphs) is the gene controlling PTX-induced VAAS, and susceptibility to EAE and other autoimmune disease is linked to a susceptible allele for this gene (56) (57) (58) . Interestingly, Teuscher and colleagues (59) reported recently that Bphs is H1R and that, in mice with disruption of this gene, EAE is reduced. Thus, broad evidence suggests that allergy and Th2 responses modulate immune responses, and that histamine under certain conditions can polarize the immune response toward Th1 (60) . Furthermore, histamine and PAF might contribute to facilitate the entry of autoreactive T cells into the CNS by increasing blood-brain barrier permeability (44, 52) . Our findings suggest that several components of classical allergic responses also can significantly influence the pathogenesis of autoimmune disease in the EAE model. Allergy-related molecules might represent a rich source of new targets for the treatment of EAE and MS.
